We use photometry from the recent AllWISE Data Release of the Wide-field Infrared Survey Explorer (WISE ) of 129 calibration stars, combined with prior distances obtained from the established M V -[Fe/H] relation and Hubble Space Telescope trigonometric parallax, to derive mid-infrared period-luminosity relations for RR Lyrae pulsating variable stars. We derive relations in the W 1, W 2, and W 3 wavebands (3.4, 4.6, and 12 µm, respectively), and for each of the two main RR Lyrae sub-types (RRab and RRc). We report an error on the period-luminosity relation slope for RRab stars of 0.2. We also fit posterior distances for the calibration catalog and find a median fractional distance error of 0.8 per cent.
INTRODUCTION
As calibratable standard candles, RR Lyrae pulsating variable stars provide a means to obtain highly precise (1-2 per cent error) distance measurements within the range of 1-100 kpc. These old (age 10 × 10 9 yr) Population II objects permeate the Milky Way Halo and Bulge, and many reside in the Disc. Preston (1964) and Smith (1995) both provide excellent reviews of this class of variable stars. We refer the reader to Section 5 of Sandage & Tammann (2006) for a review of optical (V -band) implementations of RR Lyrae stars as distance indicators.
It is well known that in optical wavebands the RR Lyrae period-luminosity relation is negligible (nearly no slope in the linear relation), but that at near-and mid-infrared wavebands the slope steepens and the relation is quite constrained. Figure 4 of Madore et al. (2013) illustrates this phenomenon, and indicates an expected asymptote in the RRab period-luminosity relation slope of around −2.4 to −2.8. Additionally, since much of the Milky Way RR Lyrae population resides behind significant interstellar dust, the markedly reduced extinction at infrared wavelengths [demonstrated in Figure 8 of Fritz et al. (2011) ] is often lower than photometric errors. Thus, at mid-infrared wavelengths, the need for dust extinction corrections to set mid-infrared luminosity vanishes.
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In the present work we calibrate mid-infrared periodluminosity relations for RR Lyrae stars using the All-WISE Data Release of the Wide-field Infrared Survey Explorer (WISE ) and NEOWISE missions (Wright et al. 2010; Mainzer et al. 2011) . Much of this work is a continuation of the methodology developed in Klein et al. (2011) , which performed a similar analysis using the WISE Preliminary Data Release. The earlier Preliminary Data Release included only the first 105 days of the WISE mission, covering 57 per cent of the sky. The AllWISE Data Release (made public 2013 November 13) covers the entire sky and combines all the WISE survey data from 2010 January 7 to 2011 February 1. By using this more comprehensive dataset the present analysis incorporates 129 RR Lyrae calibration stars, whereas Klein et al. (2011) made use of only 76 RR Lyrae periodluminosity relation calibrators. Furthermore, the longer temporal baseline and improved photometric accuracy of the AllWISE Data Release provides for more accurate meanflux magnitude measurements of the calibration stars.
A similar investigation into the mid-infrared periodluminosity relations of RR Lyrae stars is presented in Dambis et al. (2014) . The calibrations performed in Dambis et al. (2014) use RR Lyrae stars in 15 Galactic globular clusters, with distances extending beyond 15 kpc.
1 It is en-couraging to note that the period-luminosity relation slopes reported in Dambis et al. (2014) , modulo a slight metallically dependance, agree so well with the calibrations published in the present work. The applications for RR Lyrae stars as distance indicators are diverse and fundamental to many areas of astronomical inquiry. They are found throughout the Milky Way Halo and Bulge, pervade the Disc, and are still shining in neighboring dwarf galaxies. This paper is outlined as follows. We present a brief description of the WISE and ancillary data in §2. In §3 we review the employed light curve analysis methodology. In §4 we present the derived period-luminosity relations, and in §5 we discuss the conclusions and future implications of this work.
DATA DESCRIPTION
WISE provides imaging data in four mid-infrared wavebands: W 1 centred at 3.4 µm, W 2 centred at 4.6 µm, W 3 centred at 12 µm, and W 4 centred at 22 µm. Although the original WISE mission was designed for static science goals, the orbit and survey strategy of the WISE spacecraft (described in Wright et al. (2010) ) are conducive to recovering light curves of periodic variables with periods 1.5 day, which is well-matched to RR Lyrae variables.
In this analysis we make use of the most recent WISE data release, AllWISE. The AllWISE Data Release (made public 2013 November 13) combines the 4-Band Cryogenic Survey (main WISE mission covering the full sky 1.2 times from 2010 January 7 to 2010 August 6), the 3-Band Cryogenic survey (first three wavebands, 30 per cent of the sky from 2010 August 6 to 2010 September 29), and the NEO-WISE post-cryogenic survey (first two wavebands, covering 70 per cent of the sky from 2010 September 20 to 2011 February 1). The individual photometry epochs were retrieved from the AllWISE Multiepoch Photometry Database.
As in Klein et al. (2011) we employ the catalog of 144 relatively local ( 2.5 kpc) RR Lyrae variables developed by Fernley et al. (1998) . Fifteen of these stars are excluded from our present analysis because they were not well-detected by WISE. WISE photometry data with any quality flags were rejected for the period-luminosity relation fits (most common cause was confusion with neighbouring sources, in part due to the ∼ 6.3 arcsec PSF of WISE ).
Also as in Klein et al. (2011) , Hipparcos photometry (Perryman & ESA 1997) is transformed into V -band (Gould & Popowski 1998) , corrected for dust extinction [using the line-of-sight extinction from Schlegel et al. (1998) and the R factor from Schultz & Wiemer (1975) ], and combined with the Chaboyer (1999) MV -[Fe/H] relation to yield prior distance moduli, µprior. Precise trigonometric parallax angles for four of the stars (RRLyr, UVOct, XZCyg, and SUDra; all of the RRab subclass) have been previously measured with the Hubble Space Telescope and published in Benedict et al. (2011) .
2 For these four stars the more precise, parallaxderived distance moduli are used in the period-luminosity relation fits. We note that the the distance moduli derived from the metallicity-luminosity relation for these four stars is in statistical agreement (within 2σ) with the parallaxderived distances.
A significant difference between the present work and that of Klein et al. (2011) is that the two primary RR Lyrae subclasses (RRab and RRc stars) are now treated independently. Previously, in Klein et al. (2011) all the RR Lyrae stars were fit together, which [as noted by Madore et al. (2013) ] is physically inappropriate because they follow different period-luminosity relations (RRab stars oscillate in the fundamental mode, whereas RRc stars do so in the first overtone). It is common practice to "fundamentalize" the periods of the RRc stars, as in Dall'Ora et al. (2004) , and use them to supplement the RRab period-luminosity fit. In the present analysis we instead treat the two subclasses independently, so as to calibrate both the RRab and RRc period-luminosity relations.
LIGHT CURVE ANALYSIS METHODS
The light curve analysis methods employed in the present work are an evolution of those described in Klein et al. (2011) . Mean-flux magnitudes are measured from harmonic model fits to the phase-folded WISE photometry. To more accurately assess the uncertainty associated with the measured mean-flux magnitude for each star, a parametric bootstrapping procedure was performed. The WISE photometry was resampled (assuming a normal distribution) and refit with a harmonic model 5,000 times to generate a distribution of mean-flux magnitude measurements. The standard deviation of this bootstrapped mean-flux magnitude distribution was taken to be the uncertainty used later in the period-luminosity relation fits.
The 5,000 harmonic models generated by the bootstrapping procedure were averaged to produce a mean harmonic model. This mean harmonic model yields a robust light curve amplitude. Furthermore, the standard deviation of the 5,000 harmonic models at each phase value provides a metric of how well the shape of the true light curve is recovered in the WISE photometry (if there is a lot of spread in the distribution of harmonic models, then the photometry is not accurate enough to reveal the shape of the true brightness oscillation). To improve the quality of the dataset used in the period-luminosity relation fits, any WISE light curve with a bootstrapped harmonic model maximum standard deviation larger than its robust amplitude measurement was excluded. This procedure serves to ensure that only stars with WISE light curves well-fit by the harmonic model (i.e., those exhibiting clear sinusoidal-like oscillation) are used in the period-luminosity relation fits.
One final step before performing the period-luminosity relation derivations described in §4 was to conduct a traditional least-squares linear regression for each relation independently. The resultant fitted zero points and slopes were incorporated into the full simultaneous Bayesian derivation as the starting values for the MCMC traces. Additionally, this procedure allowed for the identification and rejection of anomalous (> 2σ) outliers.
The final dataset used in the period-luminosity relation fits is comprised of 104 RRab stars with W 1 photom-etry, 104 RRab stars with W 2 photometry, 66 RRab stars with W 3 photometry, 19 RRc stars with W 1 photometry, 19 RRc stars with W 2 photometry, and 9 RRc stars with W 3 photometry. Table 1 presents all of the apparent magnitude photometry used in the period-luminosity relation fits, as well as the prior distances and the resultant posterior distances calculated during the fitting.
PERIOD-LUMINOSITY RELATIONS
The present derivation of period-luminosity relations is very similar to the Bayesian approach first described in Klein et al. (2011) and later formalised in Klein et al. (2012) . In brief, our statistical model of the period-luminosity relationship is mij = µi + M0,j + αj log 10 (Pi/P0) + ij
( 1) where mij is the observed apparent magnitude of the ith RR Lyrae star in the jth WISE waveband, µi is the distance modulus for the ith RR Lyrae star, M0,j is the absolute magnitude zero point for the jth waveband, αj is the slope in the jth waveband, Pi is the period of the ith RR Lyrae star in days, P0 is a period normalization factor (we use P 0,RRab = 0.55 day and P0,RRc = 0.32 day), and the ij error terms are independent zero-mean Gaussian random deviates with variance σσm ij 2 . The error terms describe the intrinsic scatter in mij about the model, where σ is a free parameter which is an unknown scale factor on the known measurement errors, σm ij . We initialize σ with a flat prior and find that its posterior distribution is approximately normally distributed with mean 1.42 (1.16) and standard deviation 0.08 (0.18) for the RRab (RRc) fit. We fit the three linear relationships simultaneously using a Bayesian MCMC method. After the fit converges we draw 150,000 samples of the posterior model parameters. The posterior distributions are well-represented as Gaussian, so we report the traditional distribution mean and standard deviation in the zero points, slopes, and posterior distance moduli. The calibrated period-luminosity relations for RRab stars are: (7) The calibrated period-luminosity relations are plotted in Fig. 1 . In each panel the solid black line denotes the best-fit period-luminosity relation, which corresponds to the above listed equations. The dashed lines indicate the 1-σ prediction uncertainty for application of the best-fit periodluminosity relation to a new star with known period. The plotted points are the predictions for each star produced from jackknife fits (produced by withholding that star from input to a new fit, then using that new fit to predict the "jackkniffed" star's absolute magnitude). The absolute magnitude error on each datapoint is dominated by the prediction error of the fit (which is why it generally tracks with the 1-σ prediction uncertainty envelope shown in dashed black lines). Note that these error bars do not correspond with the scatter of the data about the best fit line, nor should there be such a theoretical expectation. The minimum 1-σ prediction uncertainty is given in the upper left of each panel. Blazhkoaffected stars are indicated with diamond symbols, but they were not found to deviate from the fits. This is likely because the amplitude modulation at mid-infrared wavelengths is significantly reduced, but further study is needed to investigate this issue.
As a check on the fitted period-luminosity relations we compare the prior distance moduli, µprior, with the posterior distance moduli that were produced during the fitting, µpost. The prediction uncertainties illustrated in Figure 1 are intrinsic to the waveband-specific period-luminosity relations. The posterior distances produced through the simultaneous Bayesian linear regression, presented in Table 1 and plotted in Fig. 2 , are improved beyond the single-waveband prediction by using all three wavebands. This is representative of the advantages of employing a simultaneous fitting method.
CONCLUSIONS
We have presented derivations of the period-luminosity relations at 3.4, 4.6, and 12 µm (first three wavebands of WISE ) using AllWISE photometry for 129 calibrating stars. The employed Bayesian simultaneous linear regression fitting method yielded improved distances for these 129 calibrators with a median fractional error of 0.8 per cent.
Although the presented relations are intrinsic to the WISE photometric system, we expect that similarly wellconstrained mid-infrared period-luminosity relations particular to the Spitzer Space Telescope or, eventually, the James Webb Space Telescope, can be constructed following the same methodology. Translating the WISE relations into other instrumental photometric systems is possible, but introduces significant systematic uncertainty.
The WISE spacecraft has recently been reactivated to observe with its W 1 and W 2 wavebands for three more years (2014−2016) . This should allow for continued observations of a few thousand nearby RR Lyrae stars (within about 6 kpc), most of which have yet to be discovered and classified. The tightly-constrained mid-infrared periodluminosity relations will enable these stars to serve as very well-localized "test particles" in the Galactic Disc and Halo. 
